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Abstract. 

The Galactic Arecibo L-band Feed Array HI (GALFA-HI) survey is mapping the 
entire Arecibo sky at 21 -cm, over a velocity range of -700 to +700 km s _1 (LSR), 
at a velocity resolution of 0.18 km s _1 and an angular resolution of 3.5 arcmin. The 
unprecedented resolution and sensitivity of the GALFA-HI survey have resulted in the 
detection of many isolated, very compact HI clouds at low Galactic velocities which 
are distinctly separated from the HI disk emission. In the limited area of ~4600 deg 2 
searched so far, we have detected 96 such compact clouds. The detected clouds are 
cold with T/t less than 300 K. Moreover, they are quite compact and faint, with median 
values of 5 arcmin in angular size, 0.75 K in peak brightness temperature, and 5 x 10 18 
cnT 2 in HI column density. From the modeling of spatial and velocity distributions 
of the whole compact cloud population, we find that the bulk of clouds are related 
to the Galactic disk, and are within a few kpc distance. We present properties of the 
compact clouds sample and discuss various possible scenarios for the origin of this 
clouds population and its role in the Galactic interstellar medium studies. 



1. Introduction 

Traditionally, HI observations have been able to trace the entire hierarchy of structures 
in the diffuse interstellar medium (ISM) on scales > 1 pc. However, the small-scale 
end of this spectrum, i.e scales < 1 pc, is still largely unexplored because of a paucity 
of high spatial/velocity resolution imaging surveys. The presence of sub-pc scale ISM 
clouds raises many interesting questions. For example, how abundant is this cloud 
population? What are the formation and survival mechanisms for sub-pc clouds with 
low HI column densities? Also, what role do these clouds play in the general ISM? The 
small scale structure in the ISM is particularly interesting as it tends to probe dynamic 
"events" such as stellar winds (Matt hews et al ll2008l : lGerard & Le B ertre 2006), shocks 
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Figure 1. (Left) The GALFA-HI image of a compact cloud at Vlsr ~ 49 km s 
(Right) The velocity filed of the compact cloud. 



dGibson et al.ll2005h . turbulen ce dde Avillez & Breitscwerd3l2005l : IXudit & Hennebelle 
2005) and Galactic accretion dHeitsch & Putmanll2009h . To fully investigate the nature 
of small scale ISM clouds a sensitive, unbiased, high resolution survey of the entire sky 
is required. 

The Galactic Arecibo L-band Feed Array HI (GALFA-HI) survey is successfully 
mapping the entire Arecibo sky at 21 cm. The survey covers a velocity range of -700 
to +700 km s -1 (LSR) at an unpre cedented velocity resolution of 0.18 km s -1 an d 
a angular resolution of 3.5 arcmin dStanimirovic & et. al.ll2006l : iPeek & Heilesl feoOS). 
The combination of sensitivity and resolution provided by the GALFA-HI survey allows 
us to probe a new regime of faint, small HI objects that have not been seen before in 
lower resolutio n survey, e.g. Leiden/Argentine/Bonn (LAB) surv ey, Galactic all sky 
survey (GASS) dMcClure-Griffiths et alJl2009l : lKalberla et alj2005l) or lower sensitivity 
surveys, e.g. Canadian Galactic Plane Survey dStil et al.ll20Q6h . In this proceedings we 
present properties of compact clouds detected at Galactic velocities in the GALFA-HI 
survey and discuss their origin and role in Galactic ISM studies. 



2. Compact clouds search 

The GALFA-HI data cubes were searched for compact ("almost unresolved") and iso- 
lated clouds (distinguishable from, if any, unrelated background emission). The clouds 
which appeared to be a part of larger, filamentary structures were not considered. We 
searched for and identified clouds visually and mainly found within the velocity range 
of -120.0 < Vlsr < 120.0 km s . Compact clouds found outside this range were 
relatively rare and were mainly identified as known galaxies. For details please see 



Begu m et all ( 20101) . In the limited area of ~ 4600 deg 2 searched so far, a total of 96 



clouds were identified. An example image at a velocity of ~ 49.0 km s -1 , showing 
a compact HI clouds, is presented in Figure QlLeft). The velocity field of this cloud 
is shown in Figure QlRight). The cloud properties are presented and discussed in the 
following sections. 



3 




e 8 10 12 -100 -SO 50 100 



Angular SizB [srcmin] 



10 



I I I 

d 


e 


v i i r ■ ■ >■ i r | i >■ i r ■ i i i r | i i i r ■ i i p h | >■ i r ■ ■ i i r ■ 

f 









2 

E » 



* 5 1* 

FWHM [km s 1 



10 15 JO 1 

N Hl [10 ,a cm*] 



log{T, mBI ) [log(K)] 



Figure 2. Histograms of basic observed properties for the whole sample of com- 
pact clouds: angular size, central Vlsr, the peak brightness temperature, T^ k , 
FWHM, Nhi and log(Kinetic temperature) for the compact cloud sample. 



3. Properties of compact clouds 

Figure [2] show the histogram of some of the observed properties of the compact cloud 
sample. We summarize the main results below. 

• As shown in Fig. 2a, the clouds are typically compact, with the median angular 
size of the sample being ~ 5'. They are either unresolved at Arecibo's resolution 
or have an unresolved core along with some faint diffuse emission. 

• Fig. 2c shows that the majority of clouds have T? = 0.5 - 2 K. The median peak 
brightness temperature for the whole sample is 0.75 K. This low peak brightness 
temperature, coupled with the small angular size, explains why such clouds were 
largely missed by previous large-scale Galactic HI surveys, e.g. the LAB and 
GASS survey dMcClure-Griffiths et alJl2009l : iKalberla et al.ll2005l) . 

• Clouds are found at both positive and negative LSR velocities (see Fig. 2b). The 
Vlsr histogram has a nearly symmetric distribution around Vlsr = km s _1 . 
The gap at velocities between -20 < Vlsr ^ 5 km s _1 is not real, but due to 
difficulties in finding clouds in the presence of bright Galactic emission. 



4 



• Most clouds are found in the first and second Galactic Quadrant, at least partially 
due to our limited survey coverage and appear at velocities both allowed and 
forbidden by the Galactic rotation. We find that most of the clouds deviate from 
Galactic rotation by at-most 50 kms" 1 level, i.e. deviation velocity Vdev ^ 50 
km s" 1 (with a majority showing Vd ev ~ 20 km s" 1 ). Further, most of the clouds 
are at high Galactic latitudes with \b\ ~ 20° - 60°. 

• The compact cloud sample has a narrow velocity line widths, in the range of 
~ 1-8 km s" 1 , with a median FWHM of 4.2 km s _1 (see Fig. 2d). This corre- 
sponds to Tjt max ~300 K, the upper limit on the kinetic temperature (i.e. the ki- 
netic temperature in the case of no non-thermal broadening, defined as T^max - 
21.86AV 2 ). Our median T^ m!a is very similar to what is found for the Galac- 
tic CNM clouds seen in absorption in the Millennium survey (Heiles & Troland 
2003), suggesting that these compact clouds have properties similar to those of 
typical Galactic CNM clouds. 



As can be seen in Fig.2e, the integrated HI column density distribution peaks at 
5 x 10 18 cm" 2 , with ~ 80% of clouds having N HI < 10 19 cm" 2 . This is low 



relative to typical Galac tic CNM clouds, which tend to have Nhi 
dHeiles & Trolandll2003h . 
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• For ~31% of the compact clouds in our sample, two Gaussian functions were 
required to fit the observed velocity profiles. A narrow and bright Gaussian func- 
tion is required to fit the line center, while a faint and broad component is needed 
to fit the line wings. This indicates the presence of multi-phase medium in one 
third of the sample clouds. 



• Nearly 32% of the compact clouds in our sample show large scale velocity gradi- 
ents of ~ 0.5 - 1 km s" 1 arcmin" 1 . This could be a signature of rotation in case of 
self-gravitating clouds. We can test the hypothesis that clouds are gravitationally 
bound by comparing their virial and the HI mass. The median M v j r x D" 1 for the 
sample is ~ 2 xlO 3 M Q kpc" 1 , whereas the median Mm x D" 2 for the sample 



2x10' 



is ~ 0.1 M Q kpc 2 , where D is the unknown cloud distance. Thus, - jy , , , . 
Hence, for any reasonable distance, gravity is totally negligible, unless a huge 
amount of dark matter is invoked to stabilize compact clouds. Other possibilities, 
such as velocity gradi ents being due to cloud expansion from stellar mass loss 
are more appropriate ( Gerard & Le Bertre1l2006l :lMatthews et al.ll2008h . 



4. Distance constraints 



In order to determine the nature of the compact clouds, we need to know their distance. 
Are these clouds at extra-galactic distances or are they connected to the Galactic disk ? 
One way we can check whether the compact clouds are connected to the Galactic disk 
is by modeling their latitude distribution. A distribution which is oblate in the plane 
of the Galaxy would indicate a relationship to the disk. Figure [3] shows the normalized 
cumulative distribution of the compact clouds plotted as a function of the Galactic lati- 
tude. The same quantity is also plotted for the two models with clouds having spherical 
and oblate distributions. As can be seen, a spherical distribution is a much poorer fit to 
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Figure 3. The normalized cumulative distribution of sample clouds plotted as a 
function of Galactic latitude. The same quantity is plotted for the two models with 
clouds having spherical and oblate distributions. For details refer to Begu m et al.l 
(120101) . 



the data than an oblate distribution. This suggests that the bulk of the clouds are related 
to the Galactic disk. 

Another constraint on the distance comes from a symmetric distribution of Vlsr 
around kms -1 (see Figure [2})). As most clouds in the sample have \b\ > 30 degrees, 
a cloud distance > 3 kpc would imply a height above the Galactic plane that is > 1 
kpc. At such heights Galactic rotation is lowe r than in the plane and this would resu lt 
in a significant lag to the cloud radial velocity (|Levine et al.ll2008l : ICollins et al.1l2002h . 
As a result, the Vlsr distribution for the whole sample would be significantly skewed 
toward negative velocities. As we do not observe this effect when considering the whole 
sample of compact clouds, we conclude that a majority of clouds are likely to be at a 
distance < 3 kpc. 



5. Discussion and conclusions 

As shown in the previous section, the bulk of the compact clouds are related to the 
Galactic disk and are within 2-3 kpc. We can now address the question about what is 
the nature of compact clouds. 

For a distance < 1 kpc, a typical size of compact clouds is < 1 pc and we are 
dealing with nearby Galactic clouds. In this case, a significant fraction of clouds would 
have n> 1 cm -3 , a total pressure ~ 1000 K cm~ 3 and an HI mass < 10 _1 M Q . However, 
at a distance as low as 100 pc these properties become slightly more extreme: n~ 10 
cm~ 3 , P t her ~ 3000 K cm -3 , Mhi ~ 10 -3 M Q , and clouds would have a linear size of 
< 30, 000 AU. In this scenario, the compact clouds probably represent low column- 
density examples of the population of CNM clouds on sub-pc scales. The obvious 
questions are, how do such small and isolated clouds form and survive in the ISM, and 
what role do they play within the general ISM? 
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One possible scenario that can explain the formation and maintenance of compact 
cold clouds in the ISM is interstellar turbulence. Recently numerical simulations of the 
ISM have started to describe cold and warm atomic gas with a numerical resolution and 
dynamic range approaching real istic physical scales e.g. (Ide Avillez & Breitscwerdt 
120051 : lAudit & Hennebelle! l2005h . The numerical simulations by Audit & Hennebelle 
(2005) show that a collision of incoming turbulent flows can initiate condensation of 
the WNM into cold neutral clouds. A collision of incoming WNM streams creates a 
thermally unstable region of higher density and pressure but lower temperature, which 
further fragments into small cool structures. The abundance of cold structures, as well 
as their proper ties, depends heavily on th e properties of the underlying turbulent flows. 
For example, lAudit & H ennebelle (2005) find that a significant fraction of the CNM 
structures formed in the case of very turbulent flow have thermal pressures of < 10 4 K 
cm -3 , temperatures >100 K and volume density n< 100 cm 3 . These CNM structures 
are thermally stable, long lived and in the case of stronger turbulence they appear round. 
These properties are similar to what we find for our compact cloud sample. 

Another possibility for the formation of compact clouds could be provided by 
stellar outflows. HI emission has been detected in the circumstellar shells of a va- 
riety of evolved stars, viz. asymptotic giant branch stars, oxyge n-rich and carbon- 
rich s t ars, semi-regular and Mira variables, and planetary nebulae (IGerard & Le Bertre 



2006; Matthe ws et al.1 12008). Ou r cross-correla t ion of the compact cloud catalog with 



the catalogue of variable stars by iDownes et al.1 d2006) suggests that a subset of clouds 
has at least one variable star within a radius of 1 degree. Assuming that the de- 
tected HI clouds are the circumstellar HI associated with variable stars, for a typical 
distance of 100 pc and an expansion velocity of 5 km s -1 seen for circumstellar HI 
(IGerard & Le Bertrdl2006l) . a one degree separation of the HI clouds from the vari- 
able star corresponds to an HI diameter of 1.7 pc, a characteristic expansion time-scale 
of 0.34 Myr and an HI mass of ~ 2 x 10~ 3 M Q . . All three parameters agree well 
with the ones found in the HI survey of circumstellar envelopes around evolved stars 
(IGerard & Le Bertre! 120061) . Hence it is likely that some of the compact clouds are 
related to the outflows from evolve stars. 

Once formed by turbulence and/or stellar outflows and injected into the surround- 
ing medium, these isolated compact clouds of cold, lo w column density HI wi ll be 
immersed in the warm/hot ambient gas. From Eq. (47) in lMcKee & Cowiel (Il977h . the 
mass-loss of a compact HI cloud embedded in a hot plasma (T ~ 10 6 K) is ~ 7 x 10" 2 
M Q Myr' 1 , whereas if the clouds are embedded in large warm envelopes (T ~ 7000 
K) the evaporation mass-loss is ten times smaller. This implies that the compact clouds 
may be evaporating on a time-scale of ~ 1 Myr, due to a combination of conductive heat 
transfer and/or Kelvin-Helm holtz instabilities from the surrounding warm/hot medium 
(IStanimirovic & Heilesll2005t) . 

So far we have considered the scenarios when the observed compact clouds are 
nearby i.e D < 1 kpc. However, if they are at a distance of a few kpc, the majority 
of clouds would have P t h er ^ 100 K cm -3 , n~ 1.0 cm" 3 , a height of ~ 1 kpc above 
the disk, and corresponding HI masses of ~ 0.01 - 0.3 M G . In this scenario, observed 
cloud properties are similar to numerous HI clouds found i n the Galactic disk-hal o 
interface region dLockmanlkdol IStil et all 120061 : iFordl 120081 : iBen Bekhti etaDl2009h . 
The HI clouds in the disk-halo interface region are generally thoug ht to originate from 
the co ndensation of hot gas expelled from the disk by superbubbles dHouck & Bregmaii 
1990). 
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To conclude, the unprecedented resolution and sensitivity of the GALFA-HI sur- 
vey have resulted i n the detection of m any compact, isolated, cold HI clouds at high 
Galactic latitudes (Be gum et all 120101) . A significant fraction of these clouds show 
multi-phase medium and velocity gradients. From the modeling and other distance 
constraints we find that the bulk of the clouds are likely to be related to the Galactic 
disk and are within a few kpc distance. Depending on the cloud distances, we have 
considered various possible scenarios for the origin of this cloud population. If nearby 
at a distance less than a kpc, these could be Galactic CNM clouds at sub-parsec scale, 
formed by stellar outflows and/or ISM turbulence. On the other hand, if the clouds are 
at a distance of a few kpc, they are likely to be in the disk-halo interface region of the 
Galaxy. 

We are currently developing automated methods for cloud detection. Once the 
GALFA-HI survey is complete, we will collate a larger sample of the compact clouds. 
This will allow us to quantify how common such clouds are in the ISM, and whether 
they are related to local events, such as stellar winds or large scale atomic flows, or are 
globally distributed across the disk with notable kinematic properties. 
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